Articular cartilage undergoes cycles of compressive loading during joint movement, leading to its cyclical deformation and recovery. This loading is essential for chondrocytes to perform their normal function of maintenance of the extracellular matrix. Various lines of evidence suggest the involvement of the cytoskeleton in load sensing and response. The purpose of the present study is to describe the 3-dimensional (3D) architecture of the cytoskeleton of chondrocytes within their extracellular matrix, and to examine cytoskeletal responses to experimentally varied mechanical conditions. Uniformly sized explants of articular cartilage were dissected from adult rat femoral heads. Some were immediately frozen, cryosectioned and labelled for filamentous actin using phalloidin, and for the focal contact component vinculin or for vimentin by indirect immunofluorescence. Sections were examined by confocal microscopy and 3D modelling. Actin occurred in all chondrocytes, appearing as bright foci at the cell surface linked to an irregular network beneath the surface. Cell surface foci colocalised with vinculin, suggesting the presence of focal contacts between the chondrocyte and its pericellular matrix. Vimentin label occurred mainly in cells of the deep zone. It had a complex intracellular distribution, with linked networks of fibres surrounding the nucleus and beneath the plasma membrane. When cartilage explants were placed into organ culture, where in the absence of further treatments cartilage imbibes fluid from the culture medium and swells, cytoskeletal changes were observed. After 1 h in culture the vimentin cytoskeleton was disassembled, leading to diffuse labelling of cells. After a further hour in culture filamentous vimentin label reappeared in deep zone chondrocytes, and then over the next 48 h became more widespread in cells of the explants. Actin distribution was unaffected by culture. Further experiments were performed to test the effects of load on the cytoskeleton. Explants were placed in culture and immediately subjected to static uniaxial radially unconfined compressive loads of 0.5, 1, 2 or 4 MPa for 1 h using a pneumatic loading device. Loads greater than 0.5 MPa maintained the vimentin organisation over the culture period. At 0.5 MPa, the chondrocytes within the explant behaved as in free-swelling culture. The rapid change in vimentin organisation probably relates to rapid swelling of the explants-under free-swelling conditions, these reached their maximum swollen size in just 15 min of culture. The chondrocytes' response to change in tissue dimensions, and thus to their relationship to their immediate environment, was to disassemble their vimentin networks. Loading probably counteracts the swelling pressure of the tissue. Overall, this work suggests that chondrocytes maintain their actin cytoskeleton and modify their vimentin cytoskeleton in response to changing mechanical conditions.
ECM is made and maintained by the chondrocytes, and loading of the cartilage is essential for the cells to perform their normal maintenance functions (Olah & Kostenszky, 1972 ; Akeson et al. 1973 ; Caterson & Lowther, 1978 ; Palmoski et al. 1979 ; Salter et al. 1980 ; Slowman & Brandt, 1986 ; Kiviranta et al. 1987) . In vitro studies have shown that the expression and synthesis rate of ECM molecules can be altered by different loading regimes (Sah et al. 1991 ; Guilak et al. 1994 ; Buschmann et al. 1995 Buschmann et al. , 1996 Lee & Bader, 1997) . However, there has been little work on the effects of mechanical load on cartilage on parameters other than ECM turnover.
The importance of the cytoskeleton in chondrocyte behaviour has been established in a number of descriptive and cell culture studies (reviewed by Benjamin et al. 1994) . Several authors have shown that actin organisation is important in control of chondrocyte phenotype in vitro (Zanetti & Solursh, 1984 ; Benya et al. 1988 , Brown & Benya, 1988 Mallein-Gerin et al. 1991 ; Benya & Padilla, 1993 ; Lawlor et al. 1996) . Taken together, this work indicates that the typical organisation of actin filaments in chondrocytes grown as monolayers, with numerous prominent longitudinal stress fibres, is not appropriate for chondrogenic differentiation-the chondrocyte phenotype is only expressed if actin stress fibres are disrupted. Surprisingly, despite this demonstrated importance in vitro, the organisation of actin in chondrocytes in vivo has not been described. Intermediate filaments (IFs) have often been reported in electron microscope studies of articular cartilage. They are particularly prominent in cells of the midzone and there is some evidence that chondrocytes have increased IF content in weight-bearing regions of cartilage (Eggli et al. 1988) . IFs are also a prominent feature of fibrocartilage in tendons under compressive load, accumulating during growth as mechanical loads on the fibrocartilage increase (Ralphs et al. 1991 (Ralphs et al. , 1992 . In addition, there is some suggestion that IFs are more prominent in osteoarthritic cartilage (Ghadially, 1983 ; Bont et al. 1985) , possibly as a result of the reduced mechanical integrity of the ECM increasing load on cells. In other cell types, IFs are also implicated in response to mechanical load ; for example, endothelial cells increase their content of vimentin in response to intermittent hydrostatic pressure (Schnittler et al. 1993) . However, as with actin, apart from descriptions of their occurrence, the organisation of IFs in chondrocytes within their ECM has not been fully described. The cytoskeleton is also implicated in the sensing of mechanical stimuli by cells. Relatively little is known of mechanisms by which cells sense such stimuli, although it is usually accepted that it involves integrins and the cytoskeleton (e.g. Duncan & Turner, 1995 ; Maniotis et al. 1997) .
The structural response of the cytoskeleton to mechanical load has not been directly examined in cartilage, although there are hints as to its importance. At the cellular level, application of a compressive load to intact cartilage, or to cultures of chondrocytes in agarose, results in cell deformation in the direction of the load, with a decrease in both cell height and volume as cytosolic fluid is exuded from the cell (Lee & Bader, 1994 ; Guilak et al. 1995) . Nuclear height is also decreased. (Guilak et al. 1995 ; Buschmann et al. 1996) . If actin filaments are disrupted, then compression only affects cell height and nuclear dimensions remain unchanged (Guilak et al. 1995) . There is therefore a structural link involving actin from the cell surface to the nucleus.
The aim of the current study was to describe the organisation of the cytoskeleton of chondrocytes within cartilage matrix, and we present a 3-D description of the architecture of actin, actin-related focal contacts and the IF vimentin. To examine experimentally what happens to the cytoskeleton under different mechanical conditions, we have taken advantage of the behaviour of cartilage in organ cuture. The act of cutting out explants damages the collagen network and allows the proteoglycans normally restrained by it to swell : thus cartilage explants imbibe fluid from culture medium and swell (freeswelling culture ; e.g. Grodzinsky, 1990) . This swelling pressure can be counteracted by application of compressive load to the cartilage. Accordingly, we compare the distribution of actin and vimentin in undamaged cartilage, free-swelling cartilage explants and cartilage explants maintained under conditions of static compression.
  

Source of cartilage and basic culture procedure
Full depth samples of articular cartilage, from the articular surface through to subchondral bone, were taken from the superior (major weight bearing) surface of femoral heads of 3-mo-old rats of both sexes under sterile conditions. Some were immediately fixed for cytoskeletal labelling and confocal microscopy (see below) to show normal in vivo cytoskeletal distribution patterns. Others were cut into 3 mm diameter discs and placed into explant culture in 35 mm tissue culture dishes (Falcon Plastics) with the articular surface uppermost. The dishes were then flooded with culture medium consisting of a 1 : 1 mixture of Ham's F-12 and DMEM containing 10 % fetal calf serum, 100 µg\ml ascorbic acid, 2 m -glutamate and 1 % antibiotics\antimycotics (all supplied by Gibco). Cultures were maintained at 37 mC in a 5% CO # \air atmosphere.
Free-swelling culture
In order to investigate the effects of free-swelling conditions on the distribution and organisation of the cytoskeleton, cartilage discs were incubated for 1, 2, 3, 4, 24 and 48 h (n l 4 for each time point). The discs were removed from culture at the appropriate times and fixed for cytoskeletal labelling (see below). In order to quantify swelling of the cartilage, 9 cartilage discs were weighed immediately after dissection and then placed in free-swelling culture. At regular time intervals, the discs were removed, blotted to remove excess medium, weighed, and returned to culture : the time intervals were as above, with the addition of the shorter times of 15, 30 and 45 min.
Intact femoral head cultures
In order to determine if there were cytoskeletal differences between explants cultured in free-swelling conditions and intact cartilage, the entire femoral head was removed (n l 4 femoral heads) and cultured whole in a 35 mm dish, in the above culture medium for 1 h (time based on results from freeswelling culture experiments). A full-depth cartilage sample was then taken from the superior surface of the femoral head and immediately fixed for labelling as described below.
Static loading of cartilage explants
The effect of static load on the organisation of the cytoskeleton was examined by compressing the cartilage discs for 1 h against the tissue culture dish using a pneumatic compression device in the incubator (Fig.  1) . Fundamentally, the apparatus consisted of a pneumatic piston-driven compression plate positioned above a load cell. The cartilage explant, in its culture dish, was placed on the load cell and the compression plate placed in contact with the articular surface. Load was applied by the device in a vertical plane, thus compressing the cartilage in the articular surface-subchondral bone axis. This gave a uniaxial radially unconfined compression. As the cartilage was compressed, the load was sensed by the load cell and registered as a voltage reading ; calibration experi- ments using known weights placed on the load cell showed a linear relationship between weight and load cell output. The consistent size of the disc-shaped cartilage explants (3 mm in diameter, cross-sectional area of 7.07 mm#) gave consistency of force experienced by the cultures in experiments. Given that 1 Pascal (Pa) is defined as 1 N\m#, load cell readings could be converted into an applied force and expressed in units of megapascals (MPa).
Prior to experiments, the compression device was allowed to equilibrate for 1 h in the incubator. For each experiment, 2 cartilage discs were placed in a 35 mm dish immediately after dissection, and the dish transferred to the apparatus. One of the discs was compressed with a force of 0.5, 1, 2 or 4 MPa for a period of 1 h (n l 4 for each applied force). These values were chosen because they are in the lower part of the range generated during walking in the human hip joint (Hodge et al. 1986 (Hodge et al. , 1989 . The actual pressures on cartilage in the rat joint are unknown. The remaining cartilage disc acted as an uncompressed, free-swelling control. An additional control consisting of a free-swelling cartilage disc in a separate dish was used to ensure that the aluminium compression plate or any other part of the apparatus was not indirectly affecting the cartilage. Compressed and control discs were fixed in situ for cytoskeletal labelling, as described below.
Cartilage fixation and cytoskeletal labelling
Cartilage samples taken directly from the animals were frozen unfixed on dry ice and cryosectioned at 20 µm thickness. Vimentin and vinculin were localised using standard procedures for indirect immunofluorescence. Cryosections were wetted with 0.05  phosphate buffered saline (PBS), pH 7.3, containing 0.1 % Tween 20. Sections were then blocked with goat serum (1 : 20 in PBS containing 0.05 % sodium azide and 0.1 % bovine serum albumin) for 20 min at ambient temperature, incubated with mouse monoclonal antihuman vimentin (Vim 13. fragments, 1 : 120). After further washing, sections were mounted in Vectashield mountant (Vector Laboratories). F-actin was labelled directly using FITC conjugated phalloidin (5 µg\ml ; Sigma), washed and mounted as above. For dual labelling of vinculin and actin, the above immunolabel procedure was performed, using a Texas-red conjugated antimouse second antibody (Vector Laboratories) on sections prelabelled with fluorescent phalloidin. For compression experiments, it was necessary to fix the explants under load, to avoid possible cytoskeletal changes occurring during explant removal from the apparatus. Accordingly, fixatives were used that have been shown to preserve the cytoskeletal network (Matthopoulos & Tzaphlidou 1988 ; Durrant 1997) . F-actin was stabilised and labelled by immersing explants in 5 µg\ml FITC-phalloidin for 2 h at 37 mC. Vimentin was fixed in 15 mg\ml dimethyl adipimidate (DMA) in Tris buffer at pH 7 for 2 h at 37 mC. Culture medium was aspirated from culture dishes with the load still applied to the tissue, and the dishes flooded with the fixing agents. After the fixation time, explants were frozen, cryosectioned and labelled as above.
Microscopy and imaging
All fluorescently labelled sections were photographed with a Leitz Laborlux 12 fluorescence microscope, on HP5 film using a standard exposure time of 3 min. Films were developed in Microphen developer and printed at identical exposures using grade 4 filters onto Multigrade paper (all photographic material from Ilford). High magnification images were acquired using a Molecular Dynamics Sarastro 2000 confocal laser scanning microscope set for single channel fluorescein or for dual channel fluorescein\ Texas red excitation and emission. 3-D reconstructions were prepared from optical section series of labelled chondrocytes using the Molecular Dynamics ImageSpace software package running on Silicon Graphics workstations.

Organisation of cytoskeletal components in uncultured cartilage
In articular cartilage taken from joints and immediately frozen and cryosectioned, vimentin was only detected in cells of the deep zone and the calcified cartilage. There was no labelling of chondrocytes in the superficial and transitional zones (Figs 2, 3) . Confocal microscopy and 3D modelling of deep zone cells showed that vimentin was arranged in a complex network. Vimentin filaments formed a cage around the nucleus and joined, via filaments spanning the cytoplasm, to another network just beneath the cell surface (Fig. 4) .
Actin was localised in all chondrocytes at all depths of the articular cartilage. Within cells the organisation was not as clear as for vimentin. As shown in Figures  5-7 (Fig. 5 is a 3D projection prepared from the entire confocal section series, Fig. 6 an optical section from the series at the periphery of the cell and Fig. 7 at the midregion of the cell), there were many foci of actin label towards periphery of the cell ; this was associated with the cell surface and appeared to form a complex, rather indistinct, network of filaments extending from the surface deeper into the cell towards the nucleus. Vinculin labelling also revealed a punctate pattern at the cell surface ( Fig. 8 ; 3D projection) , and dual labelling with phalloidin showed colocalisation of actin and vinculin at the cell surface, suggesting the presence of focal contacts ( Fig. 9 ; optical section of cell).
Behaviour of the cytoskeleton in free-swelling cartilage culture
The pattern of immunolabelling for vimentin changed markedly in free-swelling culture. After 1 h, vimentin label was not detected in any zones of the cartilage using conventional epifluorescence microscopy ( Fig.  10) . After a further hour, vimentin was weakly detected in the chondrocytes in the deep zone only (Fig. 11) . As the length of time in culture increased, vimentin labelling became stronger and more widespread (Figs 12-15) . By 4 h, cells in the deep zone were immunopositive and a few cells in the superficial zone were weakly labelled. After 24 and 48 h, vimentin was detected in all cells throughout the depth of the cartilage. The pattern of actin labelling did not change with time in culture : at 1 h, when vimentin label had gone, actin label was still present (Fig. 16) . In whole femoral head cultures, where the cartilage is un- damaged and thus does not swell, there was no change in vimentin distribution after 1 h, when vimentin disappeared from chondrocytes in free swelling culture, strong immunolabel for vimentin was present (Fig. 17) . To assess the rate and extent of swelling of free-swelling cultures, cartilage discs were weighed at the start of culture and at regular intervals during the culture period. Free-swelling cartilage discs increased their wet weight by an mean of 24.3 %. The weight increase occurred rapidly, in the first 15 min of culture, and was maintained consistently over a 48 h period (Fig. 18) .
Cytoskeletal organisation in mechanically loaded cartilage
All samples were loaded for 1 h, as this represented the time when the greatest change was detected in the vimentin cytoskeleton in free-swelling cultures (vimentin lost at this time point ; see Fig. 10 ). Cartilage discs subjected to a load of 0.5 MPa contained no detectable vimentin (Fig. 19) . At 1 MPa, vimentin was observed in deep zone chondrocytes (Fig. 20) . At 2 MPa, it was present in the deep zone chondrocytes and additional weak labelling was seen in a few superficial cells (Fig.  21) . At 4 MPa, all cells labelled for vimentin (Fig. 22) . In contrast to vimentin, actin was present in cells of free-swelling cartilage discs after 1 h in culture. Static loading at forces of 0.5, 1, 2 and 4 MPa, did not affect the actin labelling and there was positive label in all cells throughout the depth of the cartilage (data not shown). High resolution confocal studies of vimentin organisation showed that after 1 h in free swelling culture, a trace of vimentin label could be detected in deep zone cells, as weak, diffuse immunolabelling with no evidence of filaments or an organised network structure (Fig. 23 ). This appearance was unaffected when the explants were subjected to a compressive load of 0.5 MPa. Chondrocytes in explants subjected to compressive loads of 1, 2 and 4 MPa contained a brightly immunolabelled filamentous network (Fig.  24) , as in control material.

There are 3 key findings arising from this study. We describe for the first time the 3D architecture of the actin and IF components within their ECM. We show that filamentous actin colocalises with vinculin at the cell surface, strongly suggesting that the actin cytoskeleton is linked to the ECM in vivo by focal contacts. Finally, we demonstrate experimentally a rapid and reversible response of the chondrocyte cytoskeleton, involving the IF vimentin, to mechanical conditions in organ culture. Two specific responses were evident : a rapid depolymerisation of the vimentin network at early stages of culture, which was subsequently re-established, and secondly that when the tissue was subjected to compressive forces over 1 MPa the vimentin network was retained and, at higher loads, became more widespread through the tissue.
As in many other cell types, actin and vimentin form distinct networks. The confocal studies showed actin to be organised focally at the cell surface, extending erratically inwards into the cytoplasm. In Figs 10-15. Vimentin expression in free-swelling culture after 1, 2, 3, 4, 24 and 48 h respectively. Label is absent in the deep zone after 1 h, reappears weakly at 2 h and becomes increasingly widespread with time. Fig. 16 . Representative optical section of the periphery of a cell labelled for actin, after 1 h in culture. Actin shows as bright foci and streaks, as in freshly isolated cartilage (see Figs 5-7) and thus is unchanged in culture. All chondrocytes in all cartilage regions from all cultures had this organisation of actin ; the somewhat geometric arrangement of actin present in this cell was occasionally observed, but generally it appeared rather less regular, as described above. Fig. 17 . Effects of cartilage integrity on vimentin expression. Cartilage from a whole femoral head cultured for 1 h, then fixed, sectioned and labelled for vimentin. The intact tissue does not swell in culture, and the vimentin distribution is similar to that in fresh tissue.
contrast vimentin forms a meshwork beneath the cell surface, linked to another surrounding the nucleus. These observations suggest the presence of a framework of cytoskeletal elements, consistent with the provision of mechanical support. This interpretation Fig. 8. 3D projection of immunolabel for vinculin. This was typical of all chondrocytes, and consisted of bright foci of label, mostly at the cell surface (see Fig. 9 ) Fig. 9 . Optical section (" 0.5 µm thick) of the midregion of a chondrocyte dual labelled for vinculin (green) and filamentous actin (red). Vinculin is at the cell surface and colocalises there with actin ; the actin extends deeper into the cell as above. This suggests the presence of focal contacts linking the actin cytoskeleton to the plasma membrane and pericellular matrix.
is in broad agreement with Ingber's (1993) notion of different components of the cytoskeleton interacting with one another to form a ' single harmonious entity '. Thus vimentin and actin could act together to give a structural framework to the cell. However, our data from free-swelling cultures and the loading experiments show that this association can be decoupled.
The association of focally located actin with vinculin at the cell surface, a component of focal . Vimentin distribution in explants exposed to compressive load for 1 h. Scale bars labelled in µm.
Figs 19-22. Explants exposed to 0.5, 1, 2 and 4 MPa respectively. At 0.5 MPa cultures behave like free-swelling cultures and lose their vimentin organisation ; at higher loads the vimentin organisation is retained in the deep zone, and is more widely distributed through the tissue the higher the load. In all figures, arrows indicate the position of the articular surface.
Figs 22, 23. High resolution confocal projections of chondrocytes in explants exposed to 0.5 MPa and 4 MPa respectively. Label is weak and diffuse in the former, and strong and organised in the latter.
contacts, suggests the actin cytoskeleton is indirectly linked to the pericellular matrix via focal contacts. Integrins, which are abundant on chondrocytes in vivo (Loeser, 1993 (Loeser, , 1994 Salter et al. 1995) are clustered in focal contacts, and have been implicated in the response of chondrocytes to compressive load in vitro (Wright et al. 1997) . Consequently, our observed association of actin with vinculin at focal contacts and extending through the cytoplasm towards the nucleus may relate to load sensing in the chondrocyte. This organisation of actin supports the observations of Guilak et al. (1995) , who showed that in compressed cartilage, cells and their nuclei reversibly deformed in the plane of the applied force. However, in the presence of cytochalasin D, the cells still deformed whilst the nuclei did not. Our experimental work, showing that actin distribution is consistent in all treatments but vimentin varies, indirectly supports the involvement of the actin cytoskeleton in load sensing-actin filaments and focal contacts are present under all conditions, acting as load sensors, whereas the the organisation of vimentin filaments is variable according to conditions and is thus one aspect of the load response.
The loss of vimentin filaments after a short time in culture is probably due to disassembly of polymerised filaments to individual subunits ; cells no longer contained aggregates of material giving concentrated bright fluorescence, and instead labelled in a weak and diffuse manner. IFs are in a constant state of rapid turnover of subunits, with a dynamic equilibrium between the polymerised and unpolymerised subunits (Vikstrom et al. 1992) . Thus tilting the balance of the equilibrium towards depolymerisation could rapidly lead to disassembly of the polymerised form, and subsequent tilting towards polymerisation could reform the filamentous network. The cytoskeletal changes clearly relate to the rapid swelling of the explants, which reached their full weight increase after only 15 min in culture. Subsequent reappearance of vimentin occurs after the tissue has been dimensionally stable for a further period of time. The responsiveness of chondrocytes to changes in tissue size could give rise to the distribution of vimentin observed in normal, uncultured cartilage. Deformation of articular cartilage occurs in vivo in normal load-bearing, and its height can be dramatically reduced after strenuous excercise (e.g. Kiviranta et al. 1992) . The different regions of articular cartilage deform to different extents under compressive load (Wong et al. 1997) . Surface and transitional regions of cartilage deform most, and deeper regions least. Taken with our results, this suggests that chondrocytes in regions of cartilage experiencing large deformations contain little vimentin, and cells in deeper, more stable cartilage zones contain a prominent, organised vimentin network. In cultures maintained for 2 h or more, the increasingly wide distribution of vimentin probably reflects the absence of further swelling changesthe explants no longer change shape and thus cells of the superficial regions experience a more stable environment than they would in vivo or in early phases of culture. Swelling behaviour does not occur in normal, intact articular cartilage in vivo, as the collagen fibre network restrains the swelling pressure generated by proteoglycans. However, where cartilage integrity is compromised by injury or by fragmentation in conditions such as osteoarthritis, swelling does occur (e.g. Watson et al. 1996 ; Bank et al. 1997) and one might then expect to observe cytoskeletal changes such as those observed here in vitro.
Application of static compressive forces of 1 MPa or greater resulted in maintenance of the vimentin cytoskeleton. It is likely that that the applied force overcame the swelling pressure of the cartilage explant, maintaining relatively stable conditions for the deeper zone chondrocytes. Lesser forces (0.5 MPa) may not have sufficiently counteracted the swelling pressure, which is approximately 0.2 MPa (Urban, 1994) . Heavier loads give more widespread vimentin distribution in the tissue, suggesting that vimentin is important in cellular resistance to compression, consistent with observations in intact and osteoarthritic articular cartilage (Ghadially, 1983 ; Eggli et al. 1988 ) and in tendon fibrocartilage (Ralphs et al. 1992) .
The actual parameter measured by the cell when cartilage is placed under mechanical load is unclear. We have shown that actin organisation and matrix interactions via focal contacts are consistent with load sensing, supporting the suggestion of Guilak et al. (1995) that actin may be involved in the response to cell deformation. However, it should be noted that static compression of cartilage causes many alterations in the tissue, including cell and matrix deformation, fluid flow causing streaming potentials, fluid loss, a decrease in the extracellular pH, increase in the local concentrations of PGs, and a rise in hydrostatic pressure (Jones et al. 1982 ; Lai et al. 1991 ; reviewed by Urban, 1994) . More sophisticated experiments are necessary to analyse further the actual signals involved in load sensing and cytoskeletal response.
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